stressors and less effective in utilizing resources than crossed offspring (Reed, Fox, Enders, & Kristensen, 2012) . However, there are many exceptions to this general pattern (Armbruster & Reed, 2005; Pemberton, Ellis, Pilkington, & Bérénos, 2017) , and different types of stress may have different effects on ID (Daehler, 1999; Sandner & Matthies, 2016; Walisch, Colling, Poncelet, & Matthies, 2012; Waller, Dole, & Bersch, 2008) . ID can even be higher under more benign conditions when crossed and selfed plants suffer similarly from a stressful environment, while crossed plants are more capable of taking advantage of benign conditions (Cheptou & Donohue, 2011; Sandner & Matthies, 2016) . For example, fertilization of plants may increase ID compared to more nutrient-poor conditions (Daehler, 1999; Hayes, Winsor, & Stephenson, 2005; Kéry, Matthies, & Spillmann, 2000; Sandner & Matthies, 2016; Walisch et al., 2012) , and in a hemiparasitic plant, ID was greater when grown with good hosts (Sandner & Matthies, 2017) . However, it is not yet understood which types of stress potentially increase or reduce the magnitude of ID.
It has been proposed that ID should be relatively low under types of stress that a population has been exposed to for a long time (Cheptou & Donohue, 2011; Reed et al., 2012) . This is expected because selection should eliminate alleles that have detrimental effects on fitness in such "familiar" stressful environments (Agrawal & Whitlock, 2010; Bijlsma, Bundgaard, & Putten, 1999; Pemberton et al., 2017) . In contrast, ID should be higher under novel stresses, because alleles that are deleterious only under those conditions may not have been purged. Consistent with these expectations, populations of Drosophila melanogaster adapted to salt showed higher ID when reared on cadmium-enriched than on salt-enriched media, although not vice versa (Long, Rowe, & Agrawal, 2013) , and ID in Silene vulgaris was lower under types of stress frequently occurring in the population of origin than under novel stresses (Sandner & Matthies, 2016) . However, there are no studies that systematically compare the effects of increasing intensities of novel and familiar types of stress on ID in plants.
Effects of inbreeding on the ability of plants to phenotypically respond to environments might be a key factor explaining differences in ID among environments. However, few studies have investigated the effects of inbreeding on the expression of functional plant traits in response to stresses. In Solanum carolinense, inbreeding reduced physiological and defense responses to herbivory (Campbell, Halitschke, Thaler, & Kessler, 2014) , and in S. vulgaris inbreeding reduced the plasticity of leaf area and chlorophyll content, particularly in response to shade . In contrast, other studies did not find consistent effects of inbreeding on the response of plant functional traits to different environments (Murren & Dudash, 2012; O'Halloran & Carr, 2010; Schlichting & Levin, 1986) .
The importance of phenotypic plasticity in functional traits for environment-dependent ID thus requires further research.
It has been suggested that ID may increase under some environments not because they are more stressful, but because they increase the phenotypic variation among plants and thus the opportunity for selection (Waller et al., 2008) . For example, some environments can increase and others decrease size differences among plants (Weiner, 1985) , which in turn may increase or decrease ID (Cheptou, Lepart, & Escarré, 2001; Sandner & Matthies, 2016; Schmitt & Ehrhardt, 1990) . The effects of the environments on size differences and phenotypic variation should thus be tested as a nullmodel in studies on environment-dependent ID in plants (Sandner & Matthies, 2016; Waller et al., 2008) .
To study the effects of different intensities of various types of stress on ID, we grew open-and self-pollinated offspring of the calcareous grassland plant Anthyllis vulneraria under three levels of each of five types of stress. Three of the stresses (drought, nutrient deficiency, and defoliation) are common in the habitat of the species and were thus considered familiar. Two other stresses (shade and waterlogging) do not occur in the original habitat and were considered to be novel stresses for A. vulneraria. Although every plant is familiar with some degree of shading by competitors, an intensive and long-lasting shade can be regarded as familiar only for specialized understorey plants. Similarly, abundant water may be regarded as the absence of drought, but permanent waterlogging is a stress that requires specific responses, as it leads to hypoxia in the root system and the accumulation of products of anaerobic metabolism by micro-organisms (Jackson & Colmer, 2005) . Waterlogging may thus be familiar for wetland species, but not for A. vulneraria. We ad- 
| MATERIAL AND ME THODS

| Study species
Anthyllis vulneraria L. (Fabaceae) grows in dry calcareous grasslands throughout most of Europe (Hegi & Gams, 1975) . Typical stresses in these habitats are drought, nutrient deficiency, and herbivory.
A. vulneraria is a monocarpic legume that flowers after 1-5 years (Bastrenta, Lebreton, & Thompson, 1995; Davison et al., 2010; Sterk, Duijkeren, Hogervorst, & Verbeek, 1982) . In some populations, A. vulneraria was found to reproduce predominantly by self-pollination (Couderc & Gorenflot, 1978; Sterk et al., 1982) . In contrast, other studies have found that autogamy in A. vulneraria can occur, but is mostly prevented by protandry or gynodioecy (Navarro, 1999) and that reproduction depends on cross-pollination (Helsen, Jacquemyn, & Honnay, 2015; Kesselring, Hamann, Stöcklin, & Armbruster, 2013; Navarro, 1999; Van Glabeke, Coart, Honnay, & Roldán-Ruiz, 2007) .
The most important pollinators are bees of the genus Anthophora (Navarro, 2000) . The fruits of A. vulneraria contain one large seed which is dispersed by animals (Hegi & Gams, 1975; Honnay et al., 2006) . The morphology of A. vulneraria is very variable, and the species has been split into a large number of subspecies (Hegi & Gams, 1975; Puidet, Liira, Paal, Partel, & Pihu, 2005; Rola, 2012) . However, molecular studies have questioned the validity of these subspecies (Köster, Bitocchi, Papa, & Pihu, 2008; Nanni, Ferradini, Taffetani, & Papa, 2004) . A. vulneraria usually forms mutualistic symbioses with nitrogen-fixing, determinate Mesorhizobium bacteria (Ampomah & Huss-Danell, 2011; Ampomah et al., 2012; De Meyer, Hoorde, Vekeman, Braeckman, & Willems, 2011) . Plants in the control treatments were regularly watered, fertilized once a week (125 mg per pot) and received 12 hr of additional light per day. When plants were subjected to a stress treatment, the conditions were the same, except for the particular stress factor. In the drought treatments, pots were weighed every 3 days and wa- Specific leaf area (SLA) was calculated as the ratio between leaf area and leaf dry mass, and the dry matter content of leaves (LDMC) as dry leaf mass divided by fresh leaf mass. The chlorophyll content per area was calculated from the SPAD-measurements (a) as 0.000552 + 0.000404 × a + 0.0000125 × a 2 (Richardson, Duigan, & Berlyn, 2002) and multiplied by SLA to obtain chlorophyll content per dry mass. Root, stem, and leaf mass fractions were calculated as the proportion of total biomass allocated to roots, stems, and leaves, respectively. Nodule density was calculated as the number of nodules divided by root mass.
| Pollination and stress experiment
| Data analysis
Inbreeding depression (δ) in a trait ( to a constant effect of pollination type across stress treatments on log-transformed biomass (Cheptou & Donohue, 2011) . In contrast, differences in δ among environments would be indicated by a significant stress × pollination effect on log biomass. When plant lineage was included in the ANOVAs, all results remained qualitatively the same, and this factor was thus excluded from the analyses to simplify the models. To compare the effects of the diverse stresses, we calculated the stress intensity of a treatment as 1 − (W stress /W control ),
where W stress is the geometric mean biomass of offspring from openpollination subjected to a specific stress treatment, and W control the geometric mean biomass of offspring from open-pollination grown in the respective control treatment (Fox & Reed, 2011; Sandner & Matthies, 2016) . This measure describes the mean negative impact of a stress treatment on total biomass when no inbreeding occurs.
In contrast to the factor "stress level" (df = 2, Table 1 ), "stress intensity" is a continuous variable (df = 1). Stress intensity was included in the ANOVA as a linear contrast explaining a part of the stress treatment effect. A significant interaction between the effects of pollination type and stress intensity on log biomass would indicate that ID changes with stress intensity. A significant three-way interaction (pollination type × stress type × intensity) would indicate that the effects of stress intensity on ID differed depending on stress type.
To test whether the effect of novel types of stress on ID differs from that of familiar stresses to which A. vulneraria is assumed to be adapted (Question 1), the overall effect of stress type was partitioned into a contrast of novel versus familiar types of stress, and the remaining effect of stress type. A significant three-way interaction pollination type × novel versus familiar × intensity would indicate that the effects of stress intensity on ID differed between novel and familiar stresses.
To test whether changes in ID are due to differences among environments in the amount of phenotypic variation (Question 2), we related ID to the opportunity for selection (Waller et al., 2008 per treatment (n = 11) were used as replicates.
We also tested whether differences in ID among environments may be due to the effects of the environment on size differences among plants. To obtain a measure for size differences among in- Table S1 in Appendix S1).
| RE SULTS
| Effects of inbreeding and stress on fitnessrelated traits
In addition to inbreeding, the experimental stress treatments strongly influenced the growth of A. vulneraria (Figure 1 traits total leaf area and number of leaves (Table 2) . Although stress intensities (measured as the negative effects of treatments on biomass) were high, only one of 294 plants died during the experiment (under strong nutrient deficiency).
Although both inbreeding and stress reduced plant biomass, neither the effects of stress type nor of stress level interacted with those of pollination type (Table 1) . To make the levels of stress comparable across the different types of stress, in an additional analysis we replaced the stress levels of each treatment by their intensity (measured as the average negative effect of a specific treatment on biomass). ID did also not change with stress intensity (no interaction between pollination type and stress intensity; F 1,263 = 0.015, p = 0.90). To test whether the effects of presumably novel types of stress to which A. vulneraria is not adapted differed from those of stresses that occur frequently in the habitats of the plant, we partitioned the effects of stress type into those of novel versus familiar stresses. The novel stresses affected the biomass of A. vulneraria more strongly than the familiar stresses, but ID did not depend on the novelty of a stress (Table 1) . Moreover, the effect of stress intensity on ID did not differ between the two forms of stress (F 1,263 = 0.062, p = 0.80).
We also investigated if the magnitude of ID depended on the effects of a stress treatment (n = 11) on phenotypic variation (CV  2 ) or on size differences between initially large and small plants. 
| Effects of stress treatments and inbreeding on functional traits of A. vulneraria
All investigated plant traits were strongly influenced by the interaction of stress type and level (Table 2) Table S1 in Appendix S1). Among leaf traits, only chlorophyll content was affected by inbreeding ( Table 2) .
Leaves of self-pollinated plants contained 5.4% less chlorophyll per leaf mass than those of open-pollinated plants (Figure 3b ). This effect remained significant after adjusting for differences in biomass (see Supporting Information Table S1 in Appendix S1). Inbreeding did not influence LDMC, the length of the longest petiole, or SLA (Table 2) . Inbreeding did also not affect phenotypic plasticity of any of the traits, as there was no significant interaction between pollination type, stress type, and stress level for any of the functional plant traits studied (Table 2) .
| Effects of stress treatments and inbreeding on the nodulation of the legume
Nodule production by the roots varied strongly among individuals of the legume A. vulneraria. Under control conditions, 10.3% of the individuals did not form any nodules, whereas the other plants produced up to 665 nodules (geom. mean = 28.1). Nevertheless, there were strong effects of stress type and level on functional nodule traits (Table 3) . Most of the nodule traits were positively influenced by nutrient deficiency and intermediate drought, but negatively affected by defoliation and strong drought, and especially by shade and waterlogging (Figure 3d , see Supporting Information Figure S2 in Appendix S1). Subjected to waterlogging, only 12.5% of plants were capable of forming nodules, and nodule number was lowest (Figure 3c ).
Inbreeding did influence the nodulation of the roots of A. vulneraria (Table 3) . Although the probability that rhizobia inoculated Figure 3d ) and reduced the size of the largest nodule by 15.9% (1.9 vs. 1.6 mm). However, inbreeding did not influence nodule density (Table 3) , and the effect of inbreeding on maximum nod- 
| D ISCUSS I ON
| Environmental effects on inbreeding depression
Both inbreeding and environmental stresses reduced the biomass of A. vulneraria, but the magnitude of ID was not influenced by the type or level of stress. This is in contrast to the results of studies that found a higher sensitivity of selfed individuals to stressful environments (e.g., Dudash, 1990 ; references in Armbruster & Reed, 2005) . In their meta-analysis, Fox and Reed (2011) found a strong, positive correlation between ID and stress intensity and suggested that exceptions from this pattern may have been due to mild stresses which did not reduce total fitness by more than 25%. However, the higher levels of our stress types reduced total biomass of A. vulneraria on average by 72% and thus have to be considered as severe. The magnitude of ID observed (17%) is similar to the average ID in biomass and reproduction found for selfcompatible species (Husband & Schemske, 1996) . Total ID will be higher, because it includes effects on seed set, germination, and flowering which we did not study. In addition, we may have under- proposed that novel types of stress may increase ID, since recessive deleterious alleles which are expressed only under these environments have not been selected against. In contrast, familiar types of stress may not increase ID, because recessive deleterious alleles expressed only under these environments may already have been purged (Agrawal & Whitlock, 2010; Bijlsma et al., 1999; Cheptou & Donohue, 2011; Pemberton et al., 2017; Reed et al., 2012) . A. vulneraria is a species of unshaded dry habitats that are never waterlogged. Therefore, purging of deleterious alleles expressed only under shade and waterlogging is not to be expected. However, the effects of these novel stresses on ID
were not stronger than those of nutrient deficiency, drought, and defoliation, which represent familiar stresses to which A. vulneraria is presumably adapted. This suggests that either purging has not been efficient under familiar conditions, or purging has also reduced the genetic load under conditions we regarded as novel, or simply that in the studied lineages, no conditionally deleterious alleles were present that could have been purged only under some conditions. Although there is experimental evidence that repeated generations of inbreeding can reduce the amount of subsequent ID by purging (Crnokrak & Barrett, 2002; Swindell & Bouzat, 2006) , the efficiency of purging in wild populations is usually low (Byers & Waller, 1999; Keller & Waller, 2002; Leberg & Firmin, 2008) .
Simulations show that under constant conditions purging can be effective for strongly deleterious alleles. In contrast, the purging of mildly deleterious alleles is effective only at intermediate or large population sizes, depending on the intensity of inbreeding and the recessiveness and selective disadvantage of the involved alleles (Glémin, 2003) . When conditionally deleterious alleles are involved, purging can also be less efficient when environmental conditions vary among years (Bijlsma et al., 1999 , but see Porcher et al., 2009 (Sandner & Matthies, 2016) .
Similarly, in a selection experiment with Drosophila, Long et al. (2013) found higher ID under the novel than under the familiar stress only for one selection environment (cadmium-enriched), but not another (salt-enriched). This suggests that novel stresses may not generally result in higher ID.
It has been suggested that differences in the magnitude of ID among environments may not be a consequence of stress itself, but of effects of the environments on phenotypic variation (CV 2 , Waller et al., 2008) . For example, when inbred plants compete with their outbred relatives, they suffer not only from ID, but also from stronger competition by the larger outbred plants, which increases ID, a concept termed "dominance and suppression" (Schmitt & Ehrhardt, 1990; Yun & Agrawal, 2014) . Similarly, any environment that reduces size differences between small and large individuals might reduce ID (Sandner & Matthies, 2016 (Sandner & Matthies, 2017) . In contrast, in animal studies, stress intensity, phenotypic variation, and ID were correlated (Long et al., 2013; Reed et al., 2012) . Thus, differences in ID among environments are sometimes related to changes in phenotypic variation, but this does not appear to be a general pattern.
| Effects of the stresses and inbreeding on functional traits
Plants of A. vulneraria strongly altered their functional traits in response to the various stress treatments. Plants allocated relatively more biomass to their roots under drought and nutrient deficiency, and allocated more biomass to above-ground parts when subjected to defoliation, shade, and waterlogging. These responses are in line with the functional equilibrium hypothesis which posits that plants should increase the proportional growth of those plant organs that are responsible for the uptake of the most limiting resource (Brouwer, 1963; Poorter et al., 2012; Thornley, 1972) . (Franklin, 2008; Lichtenthaler et al., 1981) .
In contrast to the stress treatments, inbreeding had no effect on most of the functional traits studied, except for leaf chlorophyll content which was reduced in selfed plants. Other studies have also found that leaf chlorophyll and other traits related to photosynthesis are highly susceptible to inbreeding (Kittelson et al., 2015; Norman, Sakai, Weller, & Dawson, 1995; , which can severely affect the overall fitness of selfed individuals (Sletvold, Mousset, Hagenblad, Hansson, & Agren, 2013; Willis, 1992) . Effects of inbreeding on phenotypic plasticity in functional traits may translate into environment-dependent ID (Cheptou & Donohue, 2011) .
For example, plants from small, probably more inbred populations were limited in their response in leaf length to competition indicating maladaptation (Fischer, Kleunen, & Schmid, 2000) . In S. carolinense, inbred individuals were more susceptible to herbivores, since they produced less phytohormones after leaf damage, which, in turn, limited compensatory leaf growth and carbon storage in roots (Campbell et al., 2014; Campbell, Thaler, & Kessler, 2013) , and in Echinacea angustifolia, lower tolerance of aphid herbivory of inbred plants exacerbated ID (Shaw, Wagenius, & Geyer, 2015) . In A. vulneraria, however, inbreeding did not affect phenotypic plasticity, as the pollination × stress interaction was not significant for any of the studied traits. This may explain why we found no differences in ID in biomass among environments. Similarly, different levels of inbreeding and six stress treatments did not consistently affect 12 functional traits in Phlox drummondii (Schlichting & Levin, 1986) , and inbreeding hardly influenced any plant traits of Mimulus ringens exposed to different levels of moisture (O'Halloran & Carr, 2010) . This suggests that in spite of ID in growth, most stress responses may be quite robust to inbreeding.
| Effects of the stresses and inbreeding on the nodulation of the legume
Legumes like A. vulneraria are capable of forming nodules which host rhizobia that transform atmospheric N 2 into ammonium and thus provide the plants with nitrogen and in exchange are supplied with assimilated carbon. This interaction is most beneficial for both partners under high light but low nutrient conditions (Lau et al., 2012) , which explains the observed increase in the number of nodules under nutrient deficiency in A. vulneraria. In contrast, waterlogging leads to hypoxia in the root system, and although the rhizobia of some legumes can resist flooding by morphological adjustments (Minchin & Summerfield, 1976; Thomas, Guerreiro, & Sodek, 2005) , this stress was detrimental for nodule formation in A. vulneraria. Plants also formed fewer nodules under drought, shade, and defoliation, which may have been due to either direct adverse effects on the bacteria or a reduced supply of assimilated carbon to the bacteria (Lau et al., 2012; Vicente, Pérez-Fernández, Pereira, & Tavares-de-Sousa, 2012; Zahran, 1999) . was not affected by inbreeding, which indicates that the effect of inbreeding on the formation of nodules was related to its effect on plant size.
| CON CLUS IONS
We found significant negative effects of inbreeding and severe effects of abiotic stress on growth, leaf chlorophyll content, and root nodulation in the studied A. vulneraria population. However, the effect of inbreeding on the various plant traits was not influenced by stress type or by stress level and was independent of the novelty of the stresses to the plants. Although we studied only plants from one alpine population, our results are in line with those of other studies and suggest that there is no general pattern of the effects of abiotic stresses on ID and in particular no general increase in ID with stress intensity.
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